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Nitrogen physisorption measurements
The nitrogen physisorption measurements were performed on a Micromeritics TriStar 3000 device at 77 K. This instrument determines the nitrogen adsorption and desorption isotherms by static volumetric measurements. The Phillips-type Cr/Ti/SiO 2 sample, stored in a solvent-free Ar glove box, was weighed and introduced into a N 2 physisorption flask. The sample is evacuated and cooled to the temperature of liquid nitrogen. The adsorption branch is determined by adding stepwise known amounts of nitrogen gas, until the saturation pressure of nitrogen is reached. The adsorption equilibrium pressure is determined at each addition of nitrogen. The desorption isotherm is determined in a similar way: nitrogen gas is removed stepwise, and the desorption equilibrium pressure is measured at each desorption step. The specific surface area is calculated from the adsorption isotherm using the Brunauer-Emmet-Teller (BET) model. [2] This value can be considered representative of the true specific surface if the sorption isotherm is of type IV. The pore size distribution is calculated from the desorption isotherm using the Barrett-Joyner-Halenda (BJH) model. [3] The total pore volume was defined as the single-point pore volume at p/po = 0.95. Less than 1.5 % of the total pore volume accounts for the volume of micropores therefore confirming that the catalyst material after the titanation and activation in dry air possesses mesopores. Furthermore, the absence of the sharp closure of the hysteresis loop confirms that there are no cavity-like pores and that all mesopores in the tested catalyst material are
open, which is crucial for the diffusion of TEAl as well as ethylene to the oligomerisation and polymerisation sites inside the catalyst particle.
Ethylene polymerisation studies in a semi-batch reactor
Slurry polymerisation reactions with a Cr/Ti/SiO 2 Phillips-type catalyst in a semi-batch reactor were performed by Total Research and Technology (Feluy, Belgium) and the polyethylene product obtained was used for molecular weight distribution (MWD) and shortchain branching distribution (SCBD) analysis. The two catalyst materials with their properties are summarised in Table S1 and prepared following the same procedure as described in the catalyst preparation section was used for ethylene polymerisation. The reaction conditions, given in Table S1 , were chosen in order to target the same molecular weight distribution and co-monomer content (Table S2 ) in the polymer. 
GPC-IR of polyethylene materials made
Molar weight distribution (MWD) of the polyethylenes produced inside the semi-batch reactor was measured externally by Polymer Char Company. The analysis was performed on a Polymer Char's GPC-IR instrument with an infrared IR5 detector with thermoelectrically cooled MCT sensor in order to obtain the MWD curve and short-chain branching distribution (SCBD) within the MWD. [4] The sample preparation included only weighing of the samples (8 ml) into the vials, which were filled automatically with trichlorobenzene (TCB) solvent stabilised with 300 ppm of 2,6-di-tert-butyl-4-methylphenol (BHT). In order to prevent the polymer samples from being degraded, the vials were kept in a high temperature oven just until the polyethylene was dissolved. After dissolution, the polymer samples were automatically filtered using an in-line filter and 200 µl of the polymer solution was injected into the 13 μ GPC columns. The injection time was 55 min with a flow rate of 1 ml min with a 10 mm cryoprobe at 403 K and an inverse-gated pulse sequence to avoid NOE effect.
Gaussian multiplication (lb = -0.2 and gb = 0.02) was performed before Fourier Transform.
The chemical shifts are referenced to the signal of the internal standard HMDS, which is assigned a value of 2.03 ppm.
The NMR analysis (Table S2) shifts of ethyl (*) and (#) butyl branches, [5] due to incorporation of 1-butene and 1-hexene, respectively. The chemical shifts are referenced to the signal of hexamethyldisiloxane (o), which is assigned to 2.03 ppm. Table S2 . 13 in heptanes, can be noted by the CHx stretching groups in the spectrum (b). After the flushing of excess heptane solvent, TEAl-modified Cr/Ti/SiO2 catalyst is obtained with the alkyl functionality (c). After this point, the ethylene reactant mixture was fed into the system and ethylene polymerisation was started, which can be observed from spectra (d) to (g). The OH stretching region is marked with (1), CHx stretching regions during the addition of TEAl (2), CHx stretching region of gas-phase ethylene (3) and growing polyethylene (4).
GC analysis of the gas phase collected during ethylene polymerisation
Polymerisation of ethylene was performed with Phillips-type Cr/SiO 2 and Cr/Ti/SiO 2
catalysts. Approximately 300 mg of the catalyst sample was loaded into a quartz cell under inert atmosphere. Before the feed of ethylene, the catalyst was pre-contacted with 0.1 mL of was fed into the cell with a total flow of 10 mL min -1 . Ethylene polymerisation was performed at 373 K and 1 bar of total pressure. The gas phase was continuously collected into 1 L Sigma-Aldrich Tedlar gas-sampling bags. After reaction, GC analysis of the gas phase was S-8 performed on a Varian 430-GC Gas Chromatograph with a FID detector with a VF-5ms
column by manual injection of 1 mL of the gas phase using a 1 mL gas-tight GC syringe.
Column flow was set at 1 mL min -1 and column temperature kept at 305 K during the whole analysis. A calibration curve was made by the dilution of a reference light hydrocarbon gas mixture, provided by Linde Gas, with N 2 .
The GC results obtained are presented in Figure S4 . The non-titanated Phillips-type Cr/SiO 2 catalyst pre-contacted with TEAl is producing more ethylene co-monomers than the Cr/Ti/SiO 2 catalyst; i.e., 0.3 vs. 1 %. Moreover, the olefin selectivity is clearly shifted towards the formation of 1-hexene when a non-titanated Phillips-type Cr/SiO 2 catalyst pre-contacted with TEAl is used. Figure S4 . Gas phase concentrations of the olefinic products produced in-situ in the ethylene polymerisation reactions with (a1) a Cr/Ti/SiO2 and (b1) a Cr/SiO2 catalyst pre-contacted with TEAl. The relative ratio of olefinic species for both catalyst materials is given in the pie charts (a2 and a2).
SEM-EDX studies on fresh and polymerising catalyst particles
In order to investigate the morphology and chemical composition of the catalyst material and the polyethylene product formed on the single particle level before and after ethylene polymerisation in the DRIFT spectroscopy cell using the Phillips-type Cr/Ti/SiO 2 catalyst, affects the diffusion of ethylene, polyethylene production rate, yield as well as the optical properties. [6] In the SEM images collected, after the polymerisation of ethylene in the DRIFTS cell at 373 K and 1 bar, polyethylene can be clearly observed (see Figs. S5c-S5f1).
Moreover, due to the milder total pressure of 1 bar in comparison to several dozens of bar commonly used in industrial ethylene polymerisation, it is possible to visualise the initial stages of catalyst fragmentation. It is evident that not all catalyst particles were (already) active in the same way as can be concluded from the amount of the produced polyethylene on some of the catalyst particles.
The chemical composition of the Phillips-type catalyst particles and polyethylene formed, as measured by EDX, is presented in Table S3 . For this purpose, two different catalyst particles and two different polyethylene particles have been examined. The oxygen-to-silicon ratio in the catalyst samples correspond to the ratio of these elements in the silica support.
The Ti content is slightly higher than expected from the catalyst preparation. It has to be mentioned that the probed volume of the sample with the EDX analysis is ~ 1-2 μm in diameter from the surface of the material and therefore the Ti content increase could be explained by a higher amount of Ti in the Ti-rich shell of the catalyst particle. The amount of Ti in the areas probed by EDX can be estimated by excluding Pt from the mass balance, which gives the concentrations of 7 and 11 wt% of Ti in the catalyst samples Cat' and Cat''
respectively. The content of Cr has to be taken with caution due to the low concentration, detection limitation of the instrument and the overlapping of the Cr band with Ti and O bands in the X-ray spectra. After ethylene polymerisation, no Cr or Ti could be basically detected, and the main contribution in the X-ray spectra comes from the carbon of the polyethylene, S-10 including the signal from the Pt coating ( Figure S6 ). The Al K-edge originating from the addition of TEAl co-catalyst cannot been seen in the EDX spectra of the catalyst/polyethylene particle after ethylene polymerisation due to the fact of too low amount of added TEAl through the gas lines by evaporation (aimed for an Al:Cr ratio of 2:1). It is important to mention that the small amounts of carbon present in the fresh catalyst originate from the carbon tape used to increase the conductivity of the catalyst samples. [a] The labels in the parenthesis correspond to the SEM images ( Figure S6 ) of the samples where the EDX analysis was performed. The acquired data offered the possibility to study the catalyst and the catalyst/polymer particles at the micro-and nanoscale. In this respect, SEM-EDX was very useful for studying the morphology of the polyethylene, the fragmentation of the catalyst particle and the related elemental analysis. Unfortunately, the nature of the EDX analysis and the overlapping of the bands of probed elements could not give any further information on the coordination, phase and oxidation state of the constituting elements of the catalyst particle. Therefore, the STXM technique proved to be an indispensable micro-spectroscopy method for a detailed analysis of both the catalyst particle and the growing polyethylene material. , respectively. Two artefacts in the measured spectra were corrected for the detector/grating and light source changeovers at 12,500 cm -1 and 28,570 cm -1 , respectively, while the spectral feature at 11,250 cm -1 is due to an instrumental artefact.
Electron paramagnetic resonance
The fresh Cr/Ti/SiO 2 catalyst, TEAl-modified Cr/Ti/SiO 2 catalyst prior to the feed of Simulations of the measured EPR spectra were performed with the EasySpin softfware, [7] using the function 'pepper' for solid-state EPR and taking into account an anisotropic broadening (i.e., A and g strain). The Blueprint XAS toolbox (initially developed for other purposes) was used as graphical interface of EasySpin, [8] to optimise parameters for each species that compose the simulation, since it enables visualisation of each spectral component, the sum of the simulation and the experimental EPR spectra simultaneously.
Simulated EPR active species and related simulation parameters are tabulated in Tables S4,   S5 and S6. was acquired between 20 and 80 º 2θ using a step size of 0.022 º 2θ and a step time of 13.2 s. Furthermore, in order to resolve better the diffractions coming from 100% titania peaks, the analysis was performed in the 25 to 35º 2θ range with high step time of 1320 s.
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The titanation procedure employed for the preparation of the catalyst materials included a reaction of titanium isopropoxide with a highly dehydrated pre-catalyst (i.e., a Phillips-type Cr/SiO 2 ) in a way which prevented the formation of bulk TiO 2 . Ti becomes chemically bonded to the pre-catalyst instead of the forming of TiO 2 crystallites on the catalyst surface.
Therefore, the diffractograms presented in Figure S9 show only an amorphous oxide support, although the size and amount of the TiO 2 crystallites could be too small to be detected with XRD. No ordering can be noted in the small-angle XRD diffractogram, while no TiO 2 crystallites were found in the wide-angle part of the diffractogram, even for the high step time in the 2θ range where 100% TiO 2 diffractions are expected. Due to the presented results, STXM, as an XAS technique, is critical for the characterisation of these types of materials since it is probing the local "short-range" structure and coordination of the examined elements, independent of the overall lack of crystallinity. 
STXM studies of fresh and polymerising catalyst particles
Sample preparation for the Scanning Transmission X-ray Microscopy (STXM) experiments included the embedding of (a) the Phillips-type Cr/Ti/SiO 2 catalyst and (b) the polyethylene product formed after the polymerisation in the DRIFTS cell with the Phillipstype Cr/Ti/SiO 2 catalyst treated with TEAl into an epoxy-based Struers Epofix Resin. The
Phillips-type catalyst sample was ultra-microtomed into 300 nm slices, while the polyethylene sample was sectioned into 100 nm slices in order to avoid the saturation of the signal during the measurements at the C K-edge. The microtomed samples were placed S-16 onto the Transmission Electron Microscopy (TEM) copper grids and as such used for the analysis. Due to the delicate sample preparation procedure, the three sets of samples had to be exposed to air prior to the STXM measurements.
The STXM experiments of the catalyst material and the polyethylene formed were performed at the Soft X-ray Spectromicroscopy (SM) The probed area of single particles was ~100 µm 2 with spatial resolution of 50-100 nm, while the energy resolution varied from 0.1 eV around the absorption edge up to 1 eV at the preedge region where good energy resolution was not necessary in order to minimise the measuring time. The data was processed using the aXis2000 software package [9] , which included the alignment of the spectral images and subtraction of the background spectrum after which the XAS spectra were obtained. The XAS spectra were integrated over the whole Phillips-type Cr/Ti/SiO 2 catalyst particle in the examined area in order to acquire a better quality the spectra of the element with the lowest loading i.e. Cr (0.98 wt%) or the element with a higher absorption energy i.e. Si and Al due to the small thickness of the sample. By subtracting the pre-edge from the edge spectral image, it was possible to obtain the elemental map of each probed element. Figure S10a shows the overall XAS image of the polyethylene/catalyst particle after ethylene polymerisation in the in-situ DRIFTS cell at 373 K and 1 bar. A clear start of the fragmentation of the catalyst particle, embedded in the epoxy resin, can be observed. In the STXM Ti map, presented on Figure S10b , we can still see the Ti-abundant shell of the Phillips catalyst particles with discontinuities in the cracks, which are filled with the produced polyethylene as already shown in Figure 4a of the main text.
S-17 
